anaphylactic responses (Takai et al., 1996) . Similar hyperresponsive phenotypes have been observed in lymShigeru Yanagi, ‡ Tomohiro Kurosaki, † phocytes following the disruption of CD22 (O'Keefe et
Introduction (O'Keefe et al., 1996; Blery et al., 1997) . In addition, differences have been observed in the phosphorylation Termination of activation signals is a critical component state of intracellular substrates, such as PLC␥1 and of the immune response; perturbation of these inhibitory CD19. Engagement of KIR or Fc␥RIIB results in changes pathways results in profound immune defects characin distinct subsets of tyrosine kinase substrates; KIR terized by decreased activation thresholds and hyperengagement results in the dephosphorylation of a subresponsive phenotypes, culminating in the sequelae of set of proteins like protein tyrosine kinase (PTK), ZAPautoimmunity and inflammation. Multiple receptors have 70, PLC␥, or its adapter pp36 (Binstadt et al., 1996 ; been identified with the capacity to abrogate activation Valiante et al., 1996) , while Fc␥RIIB engagement leads responses. Thus, B cell activation and mast cell degranto detectable changes in a different subset of proteins, ulation are inhibited by immune complexes through their including dephosphorylation of CD19 (Kiener et al., coligation to Fc␥RIIB Parker, 1983, 1984; 1997) . These differences suggest that Fc␥RIIB utilizes Amigorena et al., 1992; Muta et al., 1994; Daeron et al., a different signaling mechanism than KIR and CD22. 1995b), while NK and T cell activation is terminated by Indeed, the recruitment of either an inositol polyphosengagement of the killer cell inhibitory receptor (KIR) phate 5Ј-phosphatase (SHIP) or a tyrosine phosphatase class of molecules with MHC class I (Moretta et al., is likely to trigger distinct cellular pathways (reviewed by 1993; Mingari et al., 1995; Phillips et al., 1995; Vitale et Scharenberg and Kinet, 1996) , culminating in inhibitory al., 1995; D' Andrea et al., 1996) . Targeted disruption of responses that are phenotypically quite different. We now report the consequences of disruption of either of Fc␥RIIB results in mice with enhanced antibody and consistent with previous reports indicating that Fc␥RIIB engagement inhibits calcium influx (Choquet et al., 1993; Muta et al., 1994) , while KIR acts on the release of intracellular calcium (Blery et al., 1997) . However, in contrast to previous reports (D 'Ambrosio et al., 1995) , SHIP and SHP-1 are selectively recruited to the cytoplasmic domains of these two inhibitory receptors, as seen in Figure  2C . Immunoprecipitation of the coligated BCR and inhibitory receptors, followed by Western blotting with either SHP-1 or SHIP, clearly demonstrates that SHIP is only detected in association with the Fc␥RIIB cytoplasmic domain, while SHP-1 is found associated only with the KIR cytoplasmic domain.
The Catalytic Activities of SHIP or SHP-1 pressing the catalytic domains of SHIP or SHP-1 in place
The amino acid sequence corresponding to the consensus inhibitory of the cytoplasmic domain of Fc␥RIIB were expressed motif is indicated by the black box and bold sequence.
in DT40 wild-type cells. These chimeras retain their catalytic activity as measured by Ins(1,3,4,5)P4 hydrolysis for SHIP constructs or tyrosine phosphatase activity in the these signaling molecules on the inhibitory response case of SHP-1 fusions (data not shown). Coligation of the and demonstrate a selective role of these inhibitory sig-BCR to these molecules resulted in calcium inhibition naling molecules in receptor-triggered apoptosis.
profiles ( Figure 3A ) or NF-AT-induced transcription (Figure 3B) identical to the intact receptor domains ( Figure  Results 2). However, a SHIP chimera with an inactive inositol phosphate domain was unable to mediate the inhibitory SHIP and SHP-1 Are Selectively Recruited effect ( Figures 3A and 3B) . Recruitment of the catalytic by Fc␥RIIB and KIR, Respectively activities of these phosphatases to the membrane is A genetic strategy was taken to determine if SHIP and sufficient to inhibit calcium accumulation and NF-AT SHP-1 were autonomous, interacting, or redundant in stimulated transcription, indicating that the role of the inhibitory signaling in B lymphocytes. Fc␥RIIB and KIR cytoplasmic domain of Fc␥RIIB and KIR is to recruit the were used as prototypes of inhibitory receptors with respective catalytic domains of the signaling molecules potentially different signaling requirements. A series of SHIP or SHP-1 to the activated BCR complex. chimeric molecules were constructed in which the intracytoplasmic sequences containing the inhibitory motifs were exchanged between Fc␥RIIB and KIR or replaced SHIP Is Necessary for Fc␥RIIB Inhibition While SHP-1 Is Necessary for KIR Inhibition with the catalytic domains of SHIP, SHP-1, or SHIP ⌬5Pase , an inositol phosphatase-negative mutant of SHIP, as While recruitment of SHIP or SHP-1 was sufficient to account for the inhibitory effect on intracellular free calshown in Figure 1 . These molecules were transfected into mouse (A20, IIA1.6) and chicken (DT40, DT40 ⌬SHIP , cium accumulation and NF-AT-stimulated transcription upon BCR activation, the experiments presented in Fig-DT40 ⌬SHP-1 ) B cell lines to obtain stable transformants.
Murine A20 lines expressing comparable levels of ures 2 and 3 do not address the necessity of expressing these molecules for a particular inhibitory receptor. transfected receptors were stimulated by B cell immunoglobulin receptor (BCR) cross-linking alone (thin tracThus, SHP-1 and SHIP may function as complementary or redundant signaling molecules. To explore this possiing) or coligation of BCR and the inhibitory receptor (thick tracing) (Figure 2A ). Coligation of an inhibitory bility, B-cell lines lacking either SHP-1 or SHIP molecules were constructed using the chicken DT40 cell line. receptor to the BCR results in an inhibition of intracellular free calcium ( Figure 2A ) and the nuclear factor of The molecules shown in Figure 1 were transfected into DT40 wild-type and mutant cells and compared for their activated T cells (NF-AT)-stimulated transcription of a reporter gene ( Figure 2B ), an activity that in turn depends ability to mediate inhibitory signaling responses. As shown in Figures 4A and 4B , Fc␥RIIB-mediated inhibion the calcium-sensitive translocation of NF-AT cytosolic component to the nucleus (Timmerman et al., tion of calcium accumulation was unaffected in SHP-1-deficient DT40 cells, consistent with our previous re-1996). Fc␥RIIB-mediated inhibition is sensitive to the presence of EGTA in the medium, while KIR inhibition sults obtained in mast cells deficient in SHP-1 obtained from me/me mice , but was abrogated is resistant to calcium chelation by EGTA. BCR-induced calcium mobilization is due to its release from intracelluin SHIP-deficient cells. Conversely, KIR-mediated inhibition was substantially reduced in SHP-1-deficient cells lar stores and influx from the environment. Since EGTA treatment blocks only calcium influx, these results are and unperturbed in SHIP-deficient cells. A similar result was seen using NF-AT activation as a measure of the loss of SHIP recruitment to Fc␥RIIB or a nonspecific consequence of perturbing other SHIP-dependent pathinhibitory response ( Figure 4C) . These results formally demonstrate that the two inhibitory receptors mediate ways in the cells. Coligation of an Fc␥RIIB mutant (Y Ͼ F) that is unable to recruit SHIP lowered the threshold their responses through independent signaling pathways, initiated by the recruitment of either SHIP or for proliferative arrest by an order of magnitude ( Figure  5B ). This enhancement of BCR-triggered growth arrest SHP-1.
by Fc␥RIIB was further characterized by determining the incidence of apoptotic cells induced by BCR-Fc␥RIIB BCR-Induced Apoptosis Is Differentially Affected by Recruitment of SHIP or SHP-1 cross-linking in wild-type and SHIP-deficient cells. When subthreshold conditions are used for BCR-inSince SHIP and SHP-1 have different substrates, are coupled to different signaling pathways, and have disduced apoptosis (1 g/ml), as seen in Figure 6 , loss of SHIP recruitment increases the incidence of apoptotic tinct effects on calcium accumulation, we reasoned that an integrated cellular phenotype, like apoptosis, might cells by a factor of five. This proapoptotic effect seen upon cross-linking this mutant receptor indicates that be differentially influenced by these distinct inhibitory pathways. DT40 cells undergo receptor-triggered apoFc␥RIIB delivers a potent proapoptotic signal to these cells, which is attenuated by recruitment of SHIP. ptosis in response to BCR cross-linking (Takata et al., 1995) . Coligation of BCR to Fc␥RIIB in wild-type DT40 cells does not affect growth arrest as measured by thyDiscussion midine incorporation ( Figure 5A ), while KIR engagement inhibits the apoptosis triggered by BCR stimulation. In Stimulation of antigen receptors on lymphocytes can result in either positive or negative signaling, resulting the absence of SHP-1, KIR engagement has no effect on BCR-triggered growth arrest. In contrast, engagein activation responses leading to immunity or inhibitory responses leading to tolerance (Goodnow et al., 1989 ; ment of Fc␥RIIB to BCR in SHIP-deficient cells results in a dramatic enhancement of the apoptotic response Hartley et al., 1991; reviewed by Schwartz, 1989; Goodnow, 1992; Nossel, 1994) . Modulating these receptors of these cells. This enhancement lowers the threshold for apoptosis, as shown in Figure 5A , and accelerates are a variety of coreceptors that serve to enhance or attenuate the antigen receptor response. In the case entry into apoptosis (data not shown). We further characterized this proapoptotic response to determine if the of inhibitory receptors like Fc␥RIIB, CD22, or KIR, two signaling pathways had been identified, although the enhancement is the result of a specific effect of the single SH2 domain-containing protein (Damen et al., 1996; Kavanaugh et al., 1996; Lioubin et al., 1996) . This difference in the SH2 domains and SH2 sites between SHP-1-KIR and SHIP-Fc␥RIIB may underlie the basis for the selective recruitment of these phosphatases. In addition, we have demonstrated that the inositol phosphatase catalytic domain is required for inhibition (Figure 3) , thereby establishing the inositol polyphosphate substrates IP 4 and PIP 3 as likely targets of this inhibitory response. These results support the model proposed earlier ; reviewed by Ravetch, 1997 ) that SHIP mediates its inhibitory effect by its translocation to the cell surface, bringing it into proximity with substrates that, either directly or indirectly, gate a calcium channel.
One unexpected finding reported in this study was the identification of a potent proapoptotic activity associated with Fc␥RIIB. This activity was only apparent when SHIP recruitment was blocked, either by deletion of SHIP from the cell or by mutation of the receptor (Y Ͼ F), preventing it from associating with SHIP. This enhancement is unlikely to result from increasing the extent of BCR cross-linking, since the effect is specific for Fc␥RIIB. Replacing Fc␥RIIB with a chimeric receptor expressing the KIR cytoplasmic sequences in SHP-1
DT-40 cells does not affect apoptosis, yet the degree would modulate the activity of the activator.
(B) NF-AT activity in response to coligation of BCR to chimeric A model for these opposing effects is proposed in receptor, as described in Figure 2B . Figure 7 . BCR cross-linking by self antigen, for example, can lead to an apoptotic response and result in negative specificity and autonomy of these pathways and the selection. CD22 can inhibit this BCR-triggered apoptotic consequences of their selective engagement were unresponse by the recruitment of SHP-1 (Doody et al., known. In this study, we provide genetic evidence for 1995), thereby setting a threshold for antigen to induce the independence of the tyrosine (SHP-1) and inositol apoptosis. Absence of this pathway would be predicted phosphatase (SHIP) pathways and the consequence of to result in inappropriate deletion of B cells (Cyster and engaging either on antigen receptor-triggered apoGoodnow, 1995). Consistent with this prediction, deleptosis.
tion of CD22 results in B cells with an enhanced capacity The SH2-containing tyrosine phosphatase SHP-1 is for apoptosis in vitro and the elimination in vivo of the both necessary and sufficient to mediate inhibitory sigtransitional B cell, a cell shown to be sensitive to neganaling by receptor containing the KIR class of ITIMs.
tive selection (Nitschke et al., 1997) . In contrast, the These motifs preferentially associate with SHP-1; loss of coligation of BCR to Fc␥RIIB by immune complexes SHP-1 inactivates this inhibitory receptor. This selective results in enhanced apoptosis, mediated by a undefined association may be the result of the presence of two proapoptotic factor associated with the receptor, whose SH2 domains in SHP-1 (Shen et al., 1991; Yi et al., 1992) activity can be attenuated by the recruitment of SHIP. and two SH2 sites in the KIR inhibitory motif (Colonna The degree of attenuation will be determined by the and Samaridis, 1995; Wagtmann et al., 1995) . A similar presence of two opposing activities associated with situation is likely to exist for CD22 and gp49B1, which Fc␥RIIB: an apoptosis-enhancing activity and SHIP. The contain two SH2 sites (Stamenkovic and Seed, 1990;  balance between these opposing activities could deter- Castells et al., 1994) . Consistent with this model, chimemine if an immune complex enhances or attenuates an ras constructed with the CD22 cytoplasmic domain were apoptotic signal. Developmental regulation of SHIP inhibitory when cross-linked to the BCR in A20 or DT40 would be one mechanism for modulating an apoptotic cells and required the presence of SHP-1 to mediate a signal and would predict that immature cells would be maximal inhibitory response (data not shown). In conlow in SHIP, while mature, proliferative cells would have trast, Fc␥RIIB preferentially associates with SHIP and higher levels of SHIP. In this regard, the finding that cannot mediate an inhibitory response in the absence coengagement of Fc␥RIIB and BCR in splenic B cells of this molecule. Fc␥RIIB contains a single SH2 site in delivers a weakly apoptotic signal (Ashman et al., 1996; Yamashita et al., 1996) suggests that these mature cells its inhibitory motif (Muta et al., 1994) , and SHIP is a anti-Fc␥RIIBcyt (previously termed as anti-m␤1) were previously described (Chen et al., 1982; Ono et al., 1996) . Intact and F(abЈ) 2 influence B cell fate. A mechanism such as that pro- chimeric cDNA of mouse Fc␥RIIB and mouse SHIP, a 3.1 kb cDNA fragment was excised at BstEII restriction site in the sequence sepaExperimental Procedures rating the SH2 and inositol 5-phosphatase domains and an ApaI site and was inserted into a modified Fc␥RIIB expression vector, in Cells, Expression Constructs, and Antibodies which a BstEII site was created by PCR at the sequences correMurine B cell lines were maintained in RPMI 1640 medium supplesponding to amino-terminal residue of inhibitory motif in Fc␥RIIB. mented with 10% FCS (Sigma, Saint Louis, MO), 50 M 2-mercaptoMutations for inactivation of the inositol 5-phosphatase catalytic domain were introduced into three residues in the essential domain ethanol, 2 mM L-glutamine, and antibiotics. Chicken B cell lines for this activity (Jefferson and Majerus, 1995) by using PCR with mismatched primers as follows: 5-Pase forward primer, 5Ј-TTCACC CACCTCTTCTGGCTTG-3Ј and 5-Pase reverse primer, 5Ј-CATGATG TCACTGGTACTGCCA-3Ј. Twenty-five micrograms of expression constructs were transfected by electroporation at 250 V and 960 F into the Fc␥RIIB-deficient murine cell line, IIA1.6, or into the chicken DT40 B cell line together with 2.5 g of a vector expressing the puromycin resistance gene. Conditions of drug selection were 1 mg/ml G418 (GIBCO-BRL, Grand Island, NY) for murine B cell lines and 0.5 g/ml puromycin (Sigma, Saint Louis, MO) for chicken B cell lines. Expression level on transfected cell lines was determined by FACS Calibur (Becton Dickinson, San Jose, CA) with FITC-conjugated 2.4G2 staining.
Generation of SHP-1-and SHIP-Deficient DT40 Cells SHP-1-deficient and SHIP-deficient cell lines were created by homologous recombination of targeting genomic constructs using DT40 chicken B cell line, in which targeted integrations take place in increased frequency (Buerstedde and Takeda, 1991) . Evidences for deletion in each of the cell lines were demonstrated by Southern blot, Northern blot, and Western blot analyses (data not shown). No apparent phenotypic alterations were seen in the cells, their growth capacity, or level of expression of BCR.
Calcium Measurements and Basis of Receptor Coligation
Cells (5 ϫ 10 5 ) were loaded with 2 M Fura-2/AM (Molecular Probe, Eugene, OR) in media at 35ЊC for 30 min. After washing cells twice, cytosolic calcium concentration of ‫01ف‬ 5 cells in 1.5 ml of PBS supplemented with 1 mM CaCl2 and 1 mM MgCl2 was recorded at 510 nm emission wavelength excited by 340 nm and 360 nm using a Figure 5 . Proliferation of DT40 Lines in Response to BCR or BCRspectrophotometer (model LS50B; Perkin Elmer, Norwalk, CT). CaliInhibitory Receptor Coligation bration and calculation of calcium concentration was performed as described (Grynkiewicz et al., 1985) . The basis for coligation of BCR Cells were stimulated with 0, 1, 3, and 9 g/ml of anti-chicken IgM followed by intact anti-mouse IgM plus 2.4G2 antibody, which and receptor transfected, which carries Fc␥RIIB sequence in its extracellular moiety, is founded on the capacity of Fc portion of blocks Fc binding to Fc␥RIIB, resulting in BCR stimulation (broken line), or intact anti-mouse IgM alone, resulting in coligation of BCR rabbit intact IgG to bind Fc␥RIIB in low affinity manner (Phillips et al., 1984 Cells were stimulated for 12 hr by 1 g/ml anti-chicken IgM followed by anti-mouse IgM plus 2.4G2 or intact anti-mouse IgM alone, as described in Figure 5 . Cells of hypoploidy (Ͻ 2N) were counted as apoptotic cells (shown with bar), and the percent of apoptotic cells is indicated. BCR to receptor transfected or cross-linking BCR alone, respec-2 g/ml pepstatin. Supernatant of cell lysates was incubated with 2.4G2 antibody-conjugated sepharose at 4ЊC for 15 min. Immunotively. Calcium release from intracellular calcium store was meaprecipitates on sepharose were washed three times in lysis buffer sured in 120 mM KCl containing 1 mM EGTA and 20 mM HEPES at and resuspended in SDS sample buffer. Denatured samples in repH 7.2. Cumulative calcium mobilization was evaluated by integraduced condition were separated on 10% SDS-PAGE and transferred tion for 4 min of calcium mobilization over the base line given before to PVDF membrane (Millipore, Bedford, MA). Immunoblots were stimulation as described by the manufacturer.
performed using a single membrane sequentially stained with anti-SHIP, anti-SHP-1, anti-phosphotyrosine, and Fc␥RIIBcyt followed NF-AT Activity Measurements by peroxidase-conjugated secondary antibodies and were detected Cells (10 7 ) in 0.5 ml of medium were electroporated at 350 V and by enhanced chemiluminescence (Amersham, Arlington Heights, IL). 500 mF in the presence of 25 g of luciferase gene construct driven by NF-AT. Subsequently, aliquots of cell suspension (2 ϫ 10 5 ) were Apoptosis Assays incubated in 100 l of medium for 4.5 hr with intact (2 g) or F(abЈ) 2 Cells (10 4 ) in 100 l of medium were stimulated with various amounts fragment (1 g) of rabbit anti-mouse IgG (H ϩ L) for murine B cells of anti-chicken IgM plus rabbit intact anti-mouse IgM (1.5 g) for stimulation, and intact (0.5 g) or F(abЈ) 2 fragment (0.25 g) of rabbit coligation of BCR to receptor transfected, or plus rabbit intact antianti-mouse IgM followed by 0.34 g of anti-chicken IgM for chicken mouse IgM (1.5 g) and 2.4G2 (0.5 g) for cross-linking BCR alone. B cell stimulation. Cells were washed once with PBS, and luciferase For growth arrest assay, cells were labeled for the last 6 hr of activity in the cell lysate was measured with luciferase assay system incubation with 0. ) in 1 ml of medium were incubated for 2 min 1991). Cells after 12 hr stimulation (1 g/ml, anti-chicken IgM) were at 37ЊC with intact (50 g), F(abЈ) 2 fragment (25 g) of rabbit antistained with hypotonic lysis buffer (0.1% sodium citrate, 0.1% Triton mouse IgG (H ϩ L), or PBS alone. Cells were solubilized in lysis X-100) containing 20 g/ml propidium iodide for 2 hr at room temperbuffer (1% NP-40, 50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 2 mM ature and subjected to analysis by FACS caliber. Nucleus containing EDTA, 50 mM NaF, 10% glycerol) supplemented with 2 mM sodium less DNA staining than that in normal diploid nucleus was gated in as an apoptotic cell. vanadate, 1 mM PMSF, 10 g/ml aprotinin, 10 g/ml leupeptin, and
